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The aim of the study was to establish the life cycle 
of severe acute respiratory syndrome-associated 
coronavirus (SARS CoV) in host cells and deter- 
mine the pathogenesis of SARS. Vero E6 cells 
(African green monkey kidney cells) were inocu- 
lated with SARS coronavirus for 3, 7, 24, 48, and 
72 hr, respectively, and were observed under 
electron microscope. It was found that the SARS 
coronavirus entered the cells through membrane 
fusion instead of endocytosis, and then the nu- 
cleocapsids assembled in the RER and matured 
by budding into the smooth vesicles, which were 
derived from the Golgi apparatus. The smooth 
vesicles fused with the cell membrane, and the 
mature particles were released. A special phe- 
nomenon was that some virus-like particles 
appeared in the nucleus. We propose a scheme 
of the life cycle of SARS coronavirus and 
discuss the mechanism of its replication in Vero 
E6 cells. J. Med. Virol. 73:332-337, 2004. 
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INTRODUCTION 


Early last spring outbreaks of the severe acute 
respiratory syndrome (SARS) occurred in China and 
many other countries. The World Health Organization 
(WHO) was alerted. The emerging disease is highly 
infectious and the mortality rate is high. As of June 27, 
2003, a total of 8,456 SARS cases had been reported, and 
809 patients died (available at the WHO [2003] website). 
Anew human coronavirus had been identified that met 
the Koch’s postulates and linked etiologically to the 
outbreak of SARS [Drosten et al., 2003; Fouchier et al., 
2003; Ksiazek et al., 2003; Peiris et al., 2003]. The 
complete sequence of two strains of the SARS-associated 
coronavirus (HCoV Tor2 isolate and SARS-CoV) had 
also been described [Marra et al., 2003; Rota Paul et al., 
2003], and aspects of significance were outlined for “the 
postgenomic era” [Holmes Kathryn and Enjuanes, 
2003]. Previously, some preliminary studies on SARS- 
associated coronavirus (CoV) morphology and morpho- 
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genesis were published [Ng et al., 2003; Zhang et al., 
2003a]. In the present article, we describe further 
results on the life cycle of the SARS CoV in vitro by 
electron microscopy, and discuss the mechanism of its 
replication in Vero E6 cells. 


MATERIALS AND METHODS 
Virus and Cells 


Vero E6 cells were obtained from Center for Disease 
Control of Guangdong Province, China. The virus was 
prepared as described previously [Zhang et al., 2003a]. 
The cells were grown to monolayer in 25 cm” culture 
flasks in Eagle’s MEM supplemented with 10% fetal 
bovine serum (GIBCO, Invitrogen Corporation, USA) 
for 2~3 days at 36.5°C. After removing the culture 
media, the cells were inoculated with SARS coronavirus 
at a multiplicity of 50 ul (250 ul for the 3-hr-sample) 6.75 
logTCID;,./ml solution and were incubated in Eagle’s 
MEM supplemented with 2% fetal bovine serum at 
36.5°C. Then, samples were taken after 3, 7, 24, 48, and 
72 hr, respectively. These samples were first treated 
with 0.02% versene and 0.25% chymotrypsin for 0.5— 
1 min, and then collected for further treatments. 


Electron Microscopy 


The collected cells were first fixed in 3.0% pH 7.2 
glutaraldehyde for 1.5 hr, post-fixed in 1% osmium 
tetroxide for 1 hr followed by dehydration, and then 
embedded in Spurr (Sigma-Aldrich Co., USA). Sections 
were cut and stained with aqueous uranyl acetate and 
lead citrate. 
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RESULTS 
Entry of the Virions Into Cells 


Three hours post infecton (p.i.), it could be seen that 
the virions first attached themselves to the surface, and 
then their envelopes fused with the cell membrane and 
the nucleocapsids entered the cell (Fig. 1). The contours 
of the nucleocapsids were blurred after the virions lost 
their envelopes. Endocytosis was not found. 


Virus Assembly and Maturation 


Seven hours p.i., nucleocapsids first appeared in the 
swollen RER (Fig. 2a). Some ribosomes could be seen 
detached from RER. These nucleocapsids did not 
enclosed by envelope yet, and they were light-colored 
in the core. As the nucleocapsids increased in their 
number over time, the ribosomes attached to the surface 
of the swollen RER became fewer, and finally, disap- 
peared completely (Fig. 2b). This type of structure and 
changes were consistent with the virus morphogenesis 
matrix vesicae (VMMV) reported previously [Zhang 
et al., 2008a]. 

Parallel to the above, the Golgi apparatus also 
swelled, forming smooth vesicles 7 hr p.i. (Fig. 3). As 
the infection developed, these smooth vesicles increased 
both in their number and size, resulting in severe 
vacuolization in the cells. Twenty four hours p.i., the 
nucleocapsids in VMMV budded into the smooth vesicles 
and acquired envelopes (Fig. 4). The particles inside 
smooth vesicles were about 100 nm in diameter, 
consistent with the size of mature virions. These smooth 
vesicles were identical with those reported previously 
[Zhang et al., 2003a]. 


Fig. 1. Entry of severe acute respiratory syndrome-associated 
coronavirus (SARS CoV). The virions first attached themselves to the 
cell surface (=~), and then their envelopes fused with cell membrane and 
the nucleocapsids entered the cell. The contours of these nucleocapsids 
were blurry after the virions lost their envelopes (4) (Bar = 100 nm). 
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Fig. 2. The formation of the virus morphogenesis matrix vesicae 
(VMMYV). a: Nucleocapsids assembled in the swollen RER (#). Some 
ribosomes attached on the membrane of the RER (A). b: As the number 
of the nucleocapsids increased, the ribosomes on the swollen RER 
disappeared. And this kind of swollen RER is named VMMV (>) 
(Bar = 100 nm). 


Release of Virions 


In the last phase of infection, smooth vesicles moved to 
the cell periphery and eventually fused with the cell 
membrane (Fig. 5a). Gaps appeared at the fusion sites 
and virions were released (Fig. 5b). 


A Special Phenomenon 
During Morphogenesis 


Forty eight hours p.i. virus-like particles were found 
in the nucleus of Vero E6 cells (Fig. 6). Their appearance 
is similar to that of the nucleocapsids in VMMV (Fig. 2b). 
Moreover, the nucleic membrane swelled to form blebs 
that contained nucleocapsids (Fig. 7a,b). These blebs 
were seen to detach from the nucleic membrane and turn 
into VMMV. 
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Fig. 3. The formation of the smooth vesicles. The Golgi apparatus 
swelled and formed the smooth vesicles (») (N, nucleus) (Bar = 
100 nm). 


A Proposed Scheme of the Life Cycle 
of SARS Coronavirus 


A scheme of the life cycle of SARS coronavirus is 
proposed as follows (Fig. 8). 

The SARS coronavirus first enters Vero E6 cells by 
membrane fusion, and is then followed by nucleic acid 
replication and protein synthesis. The N protein and 
genomic RNA are then assembled in the RER to form the 
nucleocapsid. As the infection progresses, the ribosomes 
become detached from the RER, and the RER gradually 
turn into VMMV. At the same time, the Golgi apparatus 
swells to form smooth vesicles. The nucleocapsids in 
VMMV bud into these smooth vesicles and acquire their 
envelopes and the assembly of the virions is completed. 


Fig. 4. Budding of the nucleocapsids from the VMMV to the smooth 
vesicles. The SARS CoV nucleocapsids budded from the VMMV (=) 
into the smooth vesicles and obtained spikes and envelopes (A) 
(Bar = 100 nm). 
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Fig. 5. Release of the virions. a: A smooth vesicle was fusing with the 
cell membrane (). Virions still located in the smooth vesicles (»~). b: A 
gap appeared at the fusion site and virions were released (§) (Bar = 
100 nm). 


Finally, the smooth vesicles fuse with the cell membrane 
and virions are released. 


DISCUSSION 


Although many coronaviruses enter infected cells 
through endocytosis, the SARS coronaviruses were 
found to enter the cells through membrane fusion in 
our study, which was consistent with the results of other 
researchers [Ng et al., 2003]. According to a previous 
study, the S protein of coronavirus is the main 
component of the corona structure on the virus surface, 
and it binds to the receptor on the cell surface, inducing 
membrane fusion between virus envelope and cell 
membrane [Gallagher and Buchmeier, 2001]. Human 
aminopeptidase N (hAPN) is the receptor of 229E 
coronavirus [Yeager et al., 1992], whereas MHC I is 
the receptor of OC43 coronavirus [Collins, 1993]. The S 
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Fig. 6. Virus-like particles (»~) inside the nucleus. Their appearance 
and size were similar to those of the nucleocapsids in the VMMV (see 
Fig. 2b) (N, nucleus; C, cytoplasm) (Bar = 100 nm). 


protein of SARS coronavirus might react with the 
receptors from CEACAMs family [Krueger et al., 2001; 
Skubitz et al., 2001; Zhang et al., 2003b], inducing the 
membrane fusion. 

After invasion, the virus replicates its genome and 
synthesizes its proteins by using the host cells’ elements, 
and modifies the genomic RNA and protein precursors 
with the enzymes of host or its own. According to 
previous study, the S, M, E proteins of coronavirus 
congregate near RER and Golgi apparatus, and they are 
glycosylated in the Golgi apparatus [Nguyen and Hogue 
Brenda, 1997]. The N protein has RNA-binding site and 
ribosome-binding site, causing the virus RNA to bind 
with the ribosome and begin translation. It is of great 
importance for virus assembly that the N protein can 
recognize the genomic RNA and interact with other 
proteins [Nelson et al., 2000; Chen et al., 2002]. Further- 
more, since the N protein has a nuclear localization 
signal (NLS), it may enter the nucleus and arrest the cell 
in Gg—M phase [Laude and Masters, 1995; Marra et al., 
2003]. In the case of SARS coronavirus, its main 
structural proteins may have similar functions. 

The core of SARS coronavirus is first assembled in the 
RER, where the N protein binds to the genomic RNA and 
forms the nucleocapsid. The RER gradually lose the 
ribosomes and swell to become VMMV [Zhang et al., 
2008a]. The maturation of the viruses needs the M, E, S 
proteins, which always congregate near the Golgi 
apparatus [Krijnse-Locker et al., 1994]. Thus, after the 
formation of nucleocapsids, the viruses need to be 
transported to the Golgi apparatus and acquire envel- 
opes with these proteins. 

In our study, the SARS coronavirus matures by 
budding from the VMMV into the smooth vesicles, and 
these smooth vesicles are derived from the Golgi 
apparatus. This process is consistent with those of many 
other coronaviruses. The M and § proteins can form 
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Fig. 7. The swollen nuclear membrane blebs. a: Many nucleocapsids 
assembled in a nuclear membrane bleb (=). b: One of the blebs 
detached from the nucleic membrane and turned into VMMV (»-) 
(N, nucleus) (Bar = 200 nm). 


assembly-competent complexes, which provide a site for 
budding [Ducatelle et al., 1981; Massalski et al., 1982; 
Nguyen et al., 1997]. The fact that Golgi cisternae swell 
to become smooth vesicles might relate to the M protein 
located on the Golgi apparatus membrane. 

Nucleocapsids of SARS coronavirus are found in the 
sample of 7 hr p.i. in our study; however, no coronavirus 
was found until 10 hr p.i. in a previous study [Stuart 
et al., 1983]. In some cases, the progeny coronavirus does 
not appear until 24 hr p.i. [Beesley and Hitchcock, 1982]. 
This phenomenon might cause the acute syndrome of 
SARS. 

The smooth vesicles fuse with the cell membrane and 
release the mature SARS coronavirus particles. This 
process might be induced by the S protein [Garoff et al., 
1998; Rossen et al., 2001]. In the end, the host cells are 
disrupted and the virions are released. 
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Fig. 8. Putative life cycle of SARS CoV in host cell. 


It was thought that all the processes of coronavirus 
replication, assembly, and maturation took place in the 
cytoplasm [Beesley and Hitchcock, 1982; Stuart et al., 
1983]; whereas, our study indicates that virus-like 
particles appear in the nucleus after a long time of 
infection. This phenomenon had not been reported 
previously in coronavirus studies, suggesting that the 
SARS coronavirus might have some morphogenetic 
peculiarities. The SARS coronavirus N protein (422 
amino acids) aligns well with the N proteins from other 
representative coronaviruses. However, a short lysine 
rich region (KTFPPTEPKKDKKKKTDEAQ) appears to 
be unique to SARS. This region is suggestive of a NLS 
[Marra et al., 2003; Shiet al., 2003]. It is possible that the 
SARS CoV N protein has a novel nuclear function, which 
could play an important role in this phenomenon. Some 
other RNA viruses, for example, Bombyx mori cypovirus 
1 has been found to exist in the nucleus [Tan et al., 2003]. 
Nevertheless, it is unclear whether these virus-like 
particles are SARS coronaviruses, since their appear- 
ance also resembles that of the perichromatin granules. 
To determine the nature of these particles, immune 
electron microscopy is essential to further study. 


Qinfen et al. 


ACKNOWLEDGMENTS 


We thank Prof. Su Deming (Fudan University, China) 
and Dr. Zhou ZH (Department of Pathology and 
Laboratory Medicine, University of Texas-Houston 
Medical School) for advice in the preparation of the 
manuscript. 


REFERENCES 


Beesley JE, Hitchcock LM. 1982. The ulturastructure of Feline 
infectious peritonitis virus in feline embryonic lung cells. J Gen 
Virol 59:23—28. 

Chen H, Wurm T, Britton P, Brooks G. 2002. Interaction of coronavirus 
nucleoprotein wieh nucleolar antigens and the host cell. J Virol 
76:5233—5250. 

Collins AR. 1993. HLA class I antigen serves as a receptor for human 
coronavirus OC43. Immunol Invest 22:95—103. 


Drosten C, Gunther S, Preiser W, van der Werf 5S, Brodt HR, 
Becker S, Rabenau H, Panning M, Kolesnikova L, Fouchier RA, 
Berger A, Burguiere AM, Cinatl J, Eickmann M, Escriou N, 
Grywna K, Kramme S, Manuguerra JC, Muller S, Rickerts V, 
Sturmer M, Vieth 8, Klenk HD, Osterhaus AD, Schmitz H, Doerr 
HW. 2003. Identification of a novel coronavirus in patients 
with severe acute respiratory syndrome. N Engl J Med 348:1967-— 
1976. 


Ducatelle R, Coussement W, Pensaert MB, Debouck P, Hoorens J. 
1981. In vivo morphogenesis of a new porcine enteric coronavirus, 
CV 777. Arch Virol 68:35—44. 


Fouchier RA, Kuiken T, Schutten M, van Amerongen G, van Doornum 
GJ, van den Hoogen BG, Peiris M, Lim W, Stohr K, Osterhaus AD. 
2003. Aetiology: Koch’s postulates fulfilled for SARS virus. Nature 
423:240. 


Gallagher TM, Buchmeier MJ. 2001. Coronavirus spike proteins in 
viral entry and pathogenesis. Virology 279:371-—374. 


Garoff H, Hewson R, Opstelten DJ. 1998. Virus maturation by budding. 
Microbiol Mol Biol Rev 62:1171—1190. 


Holmes Kathryn V, Enjuanes Luis. 2003. The SARS coronavirus: A 
postgenomic era. Science 300:1377—1378. 

Krijnse-Locker Jacomine, Ericsson Maria, Rottier Peter JM, Griffiths 
Gareth. 1994. Characterization of the budding compartment of 
mouse hepatitis virus: Evidence that transport from the RER to the 
Golgi complex requires only one vesicular transport step. J Cell Biol 
124:55-70. 

Krueger DK, Kelly SM, Lewicki DN. 2001. Variations in disparate 
regions of the murine coronavirus spike protein impact the 
initiation of membrane fusion. J Virol 75:2792—2802. 

Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR, Peret T, Emery S, 
TongS, UrbaniC, Comer JA, Lim W, Rollin PE, Dowell SF, Ling AE, 
Humphrey CD, Shieh WJ, Guarner J, Paddock CD, Rota P, Fields B, 
DeRisi J, Yang JY, Cox N, Hughes JM, LeDuc JW, Bellini WJ, 
Anderson LJ, SARS Working Group. 2003. A novel coronavirus 
associated with severe acute respiratory syndrome. N Engl J Med 
348:1953-1966. 

Laude H, Masters PS. 1995. The coronavirus nucleocapsid protein In: 
Siddell SG, editor. The coronaviridae. New York, NY: Plenum 
Press. pp 141-163. 


Marra MA, Jones SJ, Astell CR, Holt RA, Brooks-Wilson A, 
Butterfield YS, Khattra J, Asano JK, Barber SA, Chan SY, 
Cloutier A, Coughlin SM, Freeman D, Girn N, Griffith OL, 
Leach SR, Mayo M, McDonald H, Montgomery SB, Pandoh PK, 
Petrescu AS, Robertson AG, Schein JE, Siddiqui A, Smailus DE, 
Stott JM, Yang GS, Plummer F, Andonov A, Artsob H, Bastien N, 
Bernard K, Booth TF, Bowness D, Czub M, Drebot M, Fernando L, 
Flick R, Garbutt M, Gray M, Grolla A, Jones S, Feldmann H, 
Meyers A, Kabani A, Li Y, Normand 8, Stroher U, Tipples GA, 
Tyler S, Vogrig R, Ward D, Watson B, Brunham RC, Krajden M, 
Petric M, Skowronski DM, Upton C, Roper RL. 2003. The genome 
sequence of the SARS-associated coronavirus. Science 300:1399-— 
1404. 

Massalski Andrew, Coulter-Mackie Marion, Knobler Robert L, Buch- 
meier Michael J, Dales Samuel. 1982. In vivo and in vitro models of 
demyelinating diseases. Intervirology 18:135-146. 

Nelson GW, Stohlman SA, Tahara SM. 2000. High affinity interaction 
between nucleocapsid protein and leader/intergenic sequence of 
mouse hepatitis virus RNA. J Gen Virol 81:181-188. 


Life Cycle of SARS CoV 


Ng ML, Tan SH, See EE, Ooi EE, Ling AE. 2003. Early events of SARS 
coronavirus infection in Vero cells. J Med Virol 71:323-331. 


Nguyen Vinh-Phu, Hogue Brenda G. 1997. Protein interactions during 
coronavirus assembly. J Virol 71:9278—9284. 


Peiris JS, Lai ST, Poon LL, Guan Y, Yam LY, Lim W, Nicholls J, Yee 
WK, Yan WW, Cheung MT, Cheng VC, Chan KH, Tsang DN, Yung 
RW, Ng TK, Yuen KY, SARS Study Group. 2003. Coronavirus as a 
possible cause of severe acute respiratory syndrome. Lancet 
361:1319-1325. 


Rossen JW, Kouame J, Goedheer AJ, Vennema H, Rottier PJ. 
2001. Feline and canine coronaviruses are released from the 
basolateral side of polarized epithelial LLC-PK1 cells expressing 
the recombinant feline aminopeptidase-N cDNA. Arch Virol 146: 
791-799. 


Rota Paul AM, Oberste Steven, Monroe Stephan 5S, Nix WA, 
Campagnoli Ray, Icenogle Joseph P, Penaranda Silvia, et al. 
2003. Characterization of a novel coronavirus associated with 
severe acute respiratory syndrome. Science 300:1394-1399. 

Shi Lei, Zhang Qipeng, Rui Wei, Lu Ming. 2003. Nuclear targeting 
sequence in SARS virus nucleocapsid protein. CMBI, May 9, 
2003, —http://embi.bjmu.edu.cn/cmbidata/sars/sars_secstructure/ 
Nlocation.htm 


337 


Skubitz KM, Campbell KD, Skubitz AP. 2001. Synthetic peptides from 
the N-domains of CEACAMs activate neutrophils. J Pept Res 
58:515—526. 

Stuart Siddell, Helmut Wege, Volker Ter Meulen. 1983. The biology of 
coronaviruses. J Gen Virol 64:761—766. 

Tan Yurong, Sun Jingchen, Lu Xinying, Su Deming, Zhang Jingqiang. 
2003. Entry of Bombyx mori cypovirus 1 into midgut cells in vivo. J 
Electron Microsc 52:485—489. 


WHO. 2003. Cumulative number of reported probable cases of SARS, 
available at http://www.who.int/csr/sars/country/2003_06_26/en/ 

Yeager CL, Ashmun RA, Williams RK, Cardellichio CB, Shapiro LH, 
Look AT, Holmes KV. 1992. Human aminopeptidase N is a receptor 
for human coronavirus 229E. Nature 357:420—422. 

Zhang Qinfen, Cui Jinming, Huang Xiaojun, Lin Wei, Tan Dongyan, Xu 
Jiewei, Yang Yifeng, Zhang Jingqiang, et al. 2003a. Morphology 
and morphogenesis of severe acute respiratory syndrome (SARS)- 
associated virus. Acta Biochimica et Biophysica Sinica 35:587— 
591. 

Zhang Qipeng, Rui Wei, Shi Lei, Lu Ming. 2003b. The potential proteins 
which induce SARS virus entering host. CMBI, May 9, 2003, 
available at http://embi.bjmu.edu.cn/cmbidata/sars/SARS_GEN- 
OME/Pproteins.htm 


